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In the developing Drosophila eye, BarH1 and BarH2, paired homeobox genes expressed in R1/R6 outer photoreceptors and
primary pigment cells, are essential for normal eye morphogenesis. Here, we show evidence that BarH1 ectopically
expressed under the control of the sevenless enhancer (sev-BarH1) causes two types of cone cell transformation:
transformation of anterior/posterior cone cells into outer photoreceptors and transformation of equatorial/polar cone cells
into primary pigment cells. sev-BarH1repressed the endogenous expression of the rough homeobox gene in R3/R4
photoreceptors, while the BarH2 homeobox gene was activated by sev-BarH1 in an appreciable fraction of extra outer
photoreceptors. In primary pigment cells generated by cone cell transformation, the expression of cut, a homeobox gene
specific to cone cells, was completely replaced with that of Bar homeobox genes. Extra outer photoreceptor formation was
suppressed and enhanced, respectively, by reducing the activity of Ras/MAPK signaling and by dosage reduction of yan, a
negative regulator of the pathway, suggesting interactions between Bar homeobox genes (cell fate determinants) and
Ras/MAPK signaling in eye development. © 1998 Academic Press
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INTRODUCTION
How cells acquire their identity is a basic question in
developmental biology. Although the fates of cells in some
organisms and tissues are considered to be determined in a
lineage-dependent manner, most vertebrate and inverte-
brate cells are believed to acquire their fates by interpreting
signals emanating from neighboring cells or the environ-
ment (for reviews see Davidson 1991; Gurdon, 1992; Mc-
Mahon, 1993). The compound eye of Drosophila appears a
suitable system for investigating such an inductive mecha-
nism of cell fate specification (Ready et al., 1976; Lawrence
and Green, 1979; Tomlinson and Ready, 1987a).
The Drosophila compound eye consists of about 800
ommatidia, each including 8 photoreceptor neurons and 12
accessory cells (reviewed in Wolff and Ready, 1993). Photo-
receptors are subdivided into 5 groups: 3 outer photorecep-
tor pairs (R2/R5, R3/R4 and R1/R6) and 2 inner photorecep-
tors (R7 and R8; reviewed in Dickson and Hafen, 1993;
Cagan, 1993). Accessory cells consist of cone cells, 3 types
of pigment cells, and bristle group cells (Wolff and Ready,
1993). It has been proposed that ommatidial cells which
have already started to differentiate induce the differentia-
tion of surrounding undetermined cells (reviewed in Wolff
and Ready, 1993; Dickson and Hafen, 1993). Spitz (Spi)-
epidermal growth factor receptor (DER) signaling is neces-
sary for this induction process (Freeman, 1996, 1997; Tio
and Moses, 1997). A current model suggests the importance
of a series of inductive events in which Spi secreted from
cells in earlier preclusters acts through DER on later cells to
induce their recruitment into ommatidia and subsequent
differentiation (Freeman, 1994, 1996, 1997; Tio et al., 1994;
Tio and Moses, 1997). Although this model may account for
numerous steps at which DER is involved, it is very hard to
imagine how different cell types can be produced solely by
Spi-DER signals.
Normal R7 development requires Sevenless (Sev), an-
other receptor tyrosine kinase (Zipursky and Rubin 1994).
Bride of Sevenless (Boss)-Sev signals are transmitted
through the Ras/MAPK pathway to nuclei to induce R7
differentiation (reviewed in Zipursky and Rubin 1994).
When the Sev/Ras/MAPK pathway is activated in cone cell
precursors, the cells differentiate as R7 neurons (reviewed
in Dickson and Hafen, 1993). Cell-specific transcription
factors have also been shown to be involved in ommatidial
cell formation and/or specification (reviewed in Dickson
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and Hafen, 1993; Cagan, 1993; Kumar and Moses, 1997).
They include rough (ro), a homeobox gene essential for the
specification of R2/R5 (Tomlinson et al., 1988, Heberlein et
al., 1991), seven-up (svp), encoding a steroid hormone
receptor indispensable for R3/R4 and R1/R6 formation
(Mlodzik et al., 1990), lozenge (lz), a transcription factor
regulating the expression of svp and BarH1/BarH2 in cone
cell and R1/R6/R7 precursors (Daga et al., 1996), and
sparkling (spa), a homolog of mammalian Pax2 regulating
the expression of cut and BarH1/BarH2 in accessory cells
(Fu and Noll, 1997). BarH1 and BarH2 are a pair of ho-
meobox genes expressed in R1/R6, primary pigment cells,
and some bristle group cells as well as undetermined cells
posterior to the morphogenetic furrow (Higashijima et al.,
1992a and our unpublished data). BarH1 and BarH2 are
functionally redundant to each other and required for nor-
mal eye morphogenesis (Higashijima et al., 1992a,b). If
these transcription factors are the determinants of omma-
tidial cell specificity, their ectopic expression must cause
fate changes in ommatidial cells. However, so far only svp
and ro, respectively, have been reported to be capable of
inducing conversion from cone cell and R7 precursors to
nonspecified outer photoreceptors (Basler et al., 1990; Kim-
mel et al., 1990; Hiromi et al., 1993).
In the present study, we show evidence that ectopic
BarH1 expression results in transformation of cone cells
into either primary pigment cells or outer photoreceptors,
some of which are capable of expressing R1/R6-specific
markers, suggesting that BarH1 and BarH2 can serve as fate
determinants in R1/R6 and primary pigment cell formation.
MATERIALS AND METHODS
Plasmid Construction and P-Element-Mediated
Transformation
A 0.7-kb EcoRI–XhoI genomic DNA fragment including the BarH1
polyadenylation signal was end-filled and inserted into the HincII site
of pUC18 to generate pUBH1pA. A 0.4-kb KpnI–BamHI fragment of
pBluhp, a Bluescript containing a 0.4-kb XhoI–XmnI hsp promoter
fragment at the XhoI/SmaI site, was inserted into the KpnI/BamHI
site of pUBH1pA to generate phsBHA10. A 5.5-kb SalI–EcoRV frag-
ment including the sev enhancer (Bowtell et al., 1991) was inserted at
the SalI/EcoRV site of Bluescript (pBlusev), and then a 5.5-kb EcoRI–
KpnI fragment of pBlusev was inserted into the EcoRI/KpnI site of the
phsBHA10 to generate psevBH11. The 6.6-kb EcoRI–SphI fragment of
psevBH11 was, then, transferred into a pUC18 derivative having a
synthetic EcoRV recognition sequence at the HindIII site. The result-
ant plasmid is psevBH12. A 2.0-kb BamHI fragment of pBHR1
(Kojima et al., 1991) was inserted into the BamHI site of psevBH12 to
generate psevBH13. Finally, an 8.6-kb EcoRV fragment of psevBH13
was inserted into the HpaI site of Carnegie20 (Rubin and Spradling,
1983) to generate prosysevBH1. Germline transformation was per-
formed by standard procedures (Spradling and Rubin, 1982) using ry506
as host strain and pp25.7wc (Karess and Rubin, 1984) as a helper
plasmid. Five of nine transformants (SB lines) were analyzed here.
Fly Strains
Mutant strains and enhancer trap lines used are as follows:
sevd2;ry, y cswe0P/Binsc, drke0A/CyO, Ras1e2F/TM6B (Simon et al.,
1991), w; Gap1rl533B2/TM3 (Gaul et al., 1992), w; yan1/CyO (Lai
and Rubin, 1992), pnt7825D78 ry/TM3 (O’Neill et al., 1994), cn
SosX122/CyO, spd SosJC2 (Rogge et al., 1991), w; rl10a/CyO (Brunner
et al., 1994), raf1/Binsc (Nishida et al., 1988), cn DERflb3C81 bw sp/
CyO (Xu and Rubin, 1993), wa fag (Cagan and Ready, 1989), w;
AE127/TM6B (Heberlein et al., 1991), and ro-LacZ ro ry (Heberlein
et al., 1994). Canton S (wild type) and ry506 are our laboratory
stocks. sev-BarH1 transformant lines used were SB11, 15, 51, 54,
and 58 (see Table 1).
Histology
Fixation and sectioning of adult eyes, and antibody staining was
carried out essentially as described by Tomlinson and Ready
(1987b). Antibodies used were as follows: Mouse monoclonal
anti-ELAV antibody (Robinow and White, 1991), rabbit anti-LacZ
antibody (cappel), rat anti-DE-cadherin antibody (Oda et al., 1994),
mouse anti-Cut antibody (Blochlinger et al., 1993), rabbit anti-Spa
antibody (Fu and Noll, 1997), rabbit anti-BarH2 antibody (Y2;
Higashijima et al., 1992a,b), rabbit anti-BarH1 antibody (Higashi-
jima et al., 1992a), biotinilated goat anti-mouse antibody (vector),
biotinilated goat anti-rabbit antibody (vector), goat anti-rat Cy3
antibody (Amersham), and avidine FITC (Promega). For DAB stain-
ing, ABC kit (vector) was used to amplify signal. Cobalt sulfide
staining was carried out as described by Cagan and Ready (1989).
To identify ELAV-positive photoreceptor nuclei clearly, con-
focal–microscopic images of different optical sections were visual-
ized with different colors and superimposed on each other.
RESULTS
sev-BarH1 Induces Multiple Fate Changes
in Ommatidial Cells
To clarify the roles of Bar homeobox genes in R1/R6 and
primary pigment cells, BarH1 driven by the sev enhancer
(sev-BarH1) was introduced into Drosophila by P-mediated
germline transformation. The sev enhancer drives gene
expression strongly not only in R7 precursors but also in
R3/R4 and cone cell precursors (Bowtell et al., 1991). Each
ommatidial cells would surely possess their own cell-fate-
determination system, and, accordingly, ectopic BarH1
expression may bring about various changes in sev-
expressing cells. As discussed below, most, if not all,
sev-BarH1 phenotypes appear due to cell-autonomous func-
tions of BarH1.
All sev-BarH1 transformants obtained to date exhibited
eye roughness associated with changes in internal morphol-
ogy (Fig. 1). Defects due to sev-BarH1 varied depending on
its copy number, sex, or insertion sites (Fig. 1 and Table 1).
Sex difference in phenotype may be due to dosage compen-
sation, since sev and BarH1 are X-linked genes. Defects in
eyes homozygous for the sev-BarH1 insertion were much
more extensive than those in heterozygous counterparts so
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that, in most cases, quantitative analysis of homozygous
eyes had not been possible. Typical defects induced by a
single copy of sev-BarH1 are as follows: absence of 1–2 cone
cells (Figs. 1L and 1M), 1–2 extra outer photoreceptors (H),
loss of 1–2 endogenous outer photoreceptors (Table 1; see
also Fig. 1J), appearance of additional putative primary
pigment cells partially similar in morphology to cone cells
(Figs. 1L and 1M), and the absence of R7 (Fig. 1H). None of
these phenotypes was completely penetrant and their dis-
tribution differed according to the fly strain. Note that
ommatidia with additional R7 cells were less than 2% of
the total (Table 1), an observation strikingly different from
those in Ras/MAPK signaling activation (reviewed in Dick-
son and Hafen, 1993).
BarH1 Misexpression in Sev-Positive Cells
BarH1 misexpression was examined in sev-BarH1 fly
lines using anti-BarH1 antibody. Weak ectopic BarH1 ex-
pression was first observed in R3/R4 in rows 2 to 3, while
BarH1 signals were scarcely detected in mystery cells (Figs.
2C and 2D). Ectopic BarH1 expression in R7 became dis-
cernible in row 7, where arising nuclei of R7 was observed,
and this expression gradually declined to the background
level by row 15 (Fig. 2E and 2G). Strong BarH1 expression
was also detected in four cone cell precursors (Figs. 2C, 2F,
and 2G). BarH1 was first expressed in the anterior and
posterior cone cells. BarH1 expression in the former disap-
peared when the nuclei of equatorial cone cells reached the
most apical level (Figs. 2F and 2G). BarH1 was still detect-
FIG. 1. Eye morphologies of SB51 (sev-BarH1) flies. (A–E) SEM pictures. (F–J) Apical sections of adult eyes. (K–O) Pupal eyes stained with
cobalt sulfide. (A, F, K) Wild type. pp, primary pigment cells. a, p, pl, and e, respectively, indicate anterior, posterior, polar, and equatorial
cone cells. (B, G, L) Female heterozygotes. (C, H, M) Male heterozygotes. (D, I, N) Female homozygotes. (E, J, O) Male homozygotes. Arrows
in H–J, ommatidia with extra outer photoreceptors. Arrowheads in H and I, ommatidia lacking R7. The arrowhead in J, ommatidia with
reduced outer photoreceptors. Arrowheads in L–O, putative extra primary pigment cells partially similar in morphology to cone cells. Bar
indicates 100 mm for A–E and 10 mm for F–O.
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able in polar and equatorial cone cell precursors at early
pupal stages.
sev-BarH1-Dependent Conversion of Cone Cells
to Extra Outer Photoreceptors
Table 1 shows that sev-BarH1 induces no increment of
the total cell number per ommatidium, with the numbers
of cone and R7 cells decreasing. Thus, extra outer photore-
ceptors may be derivatives of cone cell and R7 precursors.
Mystery cells, components of early preclusters but not
mature ommatidia, could be another source of extra outer
photoreceptors (Tomlinson et al., 1987). They differentiate
as photoreceptors upon ectopic activation of the Ras/MAPK
pathway (Dickson et al., 1992). However, this possibility is
less likely, since mystery cell incorporation into ommatidia
must result in the increase of the total cell number per
ommatidium.
In SB51 (one of sev-BarH1 insertions)/1 male eyes, 37% of
ommatidia were associated with 1–2 extra outer photorecep-
tors, but R7-less ommatidia represented only 6% (Table 1),
suggesting that more than 80% of extra outer photoreceptors
in these eyes are derivatives of cone cell precursors. The
hypothesis that extra photoreceptors arise from cone cells was
further supported by directly counting cell numbers in indi-
vidual ommatidia after staining with anti-DE-cadherin and
anti-ELAV, marking cone or primary pigment cells and pho-
toreceptor cells, respectively. As shown in Figs. 3A–3F, extra
ELAV-positive cells (extra outer photoreceptors) were always
associated with cone cell loss. Staining for ELAV showed that
virtually all extra ELAV-positive nuclei are situated at the
position of anterior (and/or posterior) cone cell precursor
nuclei (Fig. 4B), indicating that most, if not all, extra outer
photoreceptors are transformants of anterior/posterior cone
cell precursors (Fig. 4M).
sev-BarH1 Causes Ectopic Expression of BarH2 and
svp but Not ro in Extra Outer Photoreceptors
To determine whether extra outer photoreceptors are
similar in property to R1/R6, expression patterns of three
outer photoreceptor markers were examined. ro-lacZ is a
marker of R2/R5 and R3/R4 (Herberlein et al., 1994). In
sev-BarH1 flies, virtually any ro-lacZ expression was
detected in neither extra outer photoreceptors nor pro-
spective R3/R4; ro-lacZ expression occurred only in
R2/R5 where the sev enhancer cannot drive ectopic
BarH1 expression (Figs. 4D– 4I). BarH2 is a marker of
R1/R6 (Higashijima et al., 1992a). In SB58/Y ommatidia,
about a quarter of extra outer photoreceptors were posi-
tive to BarH2 (Fig. 4K). AE127 is an enhancer trap line for
svp, specifically expressed in R3/R4 and R1/R6 (Mlodzik
et al., 1990). In SB51/1 males, about 10% of midpupal
ommatidia contained one extra svp positive photorecep-
tor nucleus (Fig. 4L). It may thus follow that sev-BarH1-
induced extra outer photoreceptors much more resemble
BarH1-expressing outer photoreceptors, R1/R6, than ro-
expressing ones (R3/R4 and R2/R5). Only a fraction of
these extra outer photoreceptors, expressing BarH1 at
higher levels, may adopt an R1/R6 fate (Fig. 4N).
sev-BarH1-Dependent Conversion of Cone Cells
to Primary Pigment Cells
A significant fraction of sev-BarH1 ommatidia contained
morphological intermediates between cone and primary
pigment cells (Figs. 1L–1O). As with authentic primary
pigment cells (Fig. 5H), they strongly expressed BarH1 even
at midpupal stages when there is no longer any sev-BarH1
signals in cone cell precursors with normal fate (Figs. 5I and
5J), suggesting that these cells are extra primary pigment
cells transformed from cone cells.
TABLE 1
Change in Ommatidial Cell Number in ser-BarH1 Transgenics
Outer photoreceptors/
ommatidium (%)
R7s/ommatidium
(%)
na
Cone cells/ommatidium
(%)
na8 7 6 5 4 2 1 0 4 3 2 1
SB11/1, female 0 2 97 1 0 0 99 1 805 46 49 5 0 1715
SB11/1, male 0 10 83 7 0 0 94 6 545 42 50 6 2 1126
SB15/1, female 0 4 95 1 0 0 99 1 619 88 12 1 0 1272
SB15/1, male 0 9 91 0 0 0 96 3 638 74 24 2 0 1183
SB51/1, female 0 16 83 0 0 1 98 1 552 73 26 1 0 1130
SB51/1, male 2 34 61 2 0 1 93 6 866 40 53 7 1 1247
SB54/1, female 0 8 89 3 0 0 96 4 601 56 38 5 1 1399
SB54/1, male 3 28 64 5 1 1 90 10 751 29 57 12 2 1137
SB58/1, female 0 16 80 4 0 0 92 8 810 47 47 5 1 1048
SB58/Y, male 4 36 52 8 1 2 87 11 492 5 56 30 9 1121
a Total number of ommatidia examined.
134 Hayashi, Kojima, and Saigo
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
To test this hypothesis, examination was made of
whether sev-BarH1 transforms cone cells into primary
pigment cells in the facet-glossy (fag) mutant back-
ground. fag is an allele of Notch which defines a function
required for primary pigment cell development (Cagan
and Ready, 1989). As shown in Figs. 5A, 5B, and 5D–5F,
the fag allele prevents the formation of primary pigment
cells, and ectopic BarH1 expression restored some of the
cells, possibly by converting other cells to this fate (Figs.
5C, 5G, and 5L). The correlation with cone cell loss
suggests that cone cell precursors are the source of the
new primary pigment cells, in which the expression of
cut, a homeobox gene specific to cone cells, is replaced
with that of Bar homeobox genes (Figs. 5L–5O). In con-
trast to fag/Y ommatidia (Fig. 5B), fag/Y; sev-BarH1/1
ommatidia with an ectopic primary pigment cell were
found to be always associated with cone cell loss (Fig.
5C). That pupal BarH1 expression in the new primary
pigment cells occurs between R1 and R6 in most cases
(Fig. 5G) may indicate that most of the new primary
pigment cells are derivatives of equatorial cone cells,
which cannot express ELAV upon ectopic BarH1 expres-
sion (see Fig. 4B).
The Third Fate Change in sev-BarH1-Expressing
Cone Cell Precursors
In SB11/1 female flies, cone cell precursors appeared
normally formed in late third instar (see Fig. 2F), but about
a half of pupal ommatidia lacked 1–2 cone cells (Figs. 3G
and 3H, Table 1). Neither extra outer photoreceptors nor
extra primary pigment cells were detected in this line (see
Fig. 6E and Table 1). These results indicate that a consider-
able fraction of cone cell precursors expressing sev-BarH1
may be either eliminated from ommatidia or transformed
into an unknown cell type. Change in expression patterns
FIG. 2. BarH1 expression in sev-BarH1 flies. Wild-type (A, B) and SB11/1 female (C–F) eyes were examined using anti-BarH1 antibody.
(A–C) Low magnification pictures. Arrows, morphogenetic furrow. (A, BarH1 expression in R1/R6. (B) BarH1 expression in undetermined
cells posterior to the morphogenetic furrow (an overexposed picture). (C) Rows 0–22. (D) Expression near the morphogenetic furrow. Signals
in mystery cells were very weak, if any. (E) Rows 7–13. Note that R7 cells express BarH1 more strongly than R1 and R6 cells. (F) Rows 11–21,
where cone cells strongly express BarH1. Ectopic BarH1 expression at various ommatidial cell position is summarized in G. 1–7, R1–R7.
a, p, pl, and e, respectively, show anterior, posterior, polar, and equatorial cone cells. Bar indicates 5 mm for A–C and 2.4 mm for D–F.
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of Spa, a cone cell marker (Figs. 3I and 3J; Fu and Noll,
1997), suggests that fate change in cone cells is initiated
during late third instar.
Involvement of Ras/MAPK Signaling in Extra
Outer Photoreceptor Formation
The Ras/MAPK signal is required for the formation of all
photoreceptor cells (Simon et al., 1991) and, when en-
hanced, causes cone cell precursors to take on R7 (neural)
cell fate (reviewed in Dickson and Hafen, 1993). Thus, we
examined whether Ras/MAPK signaling affects the sev-
BarH1- dependent neuralization of cone cells. The results
are summarized in Fig. 6 and Table 2. No appreciable
change in ectopic BarH1 signals were detected in all Ras/
MAPK lines examined (data not shown), indicating that
sev-BarH1 expression is faithfully reproduced in these
lines, and sev-BarH1 expression itself may be irrelevant to
Ras/MAPK signaling.
Dosage reduction of genes encoding positive factors
such as DER, drk, and Sos significantly suppressed sev-
BarH1-dependent outer photoreceptor formation, while
it caused little or no change in fractions of R7-less
ommatidia (Fig. 6C and Table 2). The effect of dosage
reduction in Ras1 was exceptional, since it served not
only as a suppressor of extra outer photoreceptor forma-
tion but also as an enhancer of the degeneration of
endogenous outer photoreceptors (see below). We reason
that ectopic neuralization of anterior/posterior cone cell
precursors in sev-BarH1 ommatidia requires interactions
between Ras/MAPK signaling and BarH1.
Consistent with above findings, either one dose re-
duction of yan/pokkuri, a negative regulator of Ras/
MAPK signaling (Lai and Rubin, 1992; Tei et al., 1992;
Rebay and Rubin, 1995), or the introduction of one
copy of SosJC2, an active allele of Sos (Rogge et al.,
1991), significantly increased the fraction of ommatidia
with 1–2 extra outer photoreceptors in sev-BarH1 flies
(Figs. 6D and 6H and Table 2). This was most clearly
evident in SB11/1 females (Figs. 6E and 6H and Table 2),
in which a fraction of ommatidia with extra outer pho-
toreceptors increased from 2 to 20 –25%. Note that, in the
absence of sev-BarH1, neither of the above two factors
had any effect on eye morphology (Rogge et al., 1991; Lai
and Rubin, 1992).
It is also significant that a considerable number of extra
R7-like cells were generated in sev-BarH1 flies heterozy-
gous for yan, or SosJC2 (Figs. 6D and 6H and Table 2).
Ommatidia with extra R7 cells were virtually absent from
sev-BarH1 flies otherwise wild type (Fig. 1 and Table 1),
suggesting that whether neural cells generated by sev-
BarH1 adopt outer photoreceptor fate or R7 fate depends on
the strength of Ras/MAPK signals in individual cone cells
expressing sev-BarH1.
sev-BarH1-Dependent R4 Degeneration Is
Enhanced by the Reduction of Ras1 Activity
A small fraction of sev-BarH1/1 ommatidia lacked one
or two outer photoreceptors (Table 1), and this phenotype
was significantly enhanced on one dose reduction of Ras1
(Figs. 6B and 6F and Table 2). One of the six endogenous
outer photoreceptors was found to be lost in about 30%
ommatidia. To determine which outer photoreceptors
were lost, the expression pattern of svp in third-instar eye
discs of SB11/1;Ras1/1 female flies was examined using
AE127, a trap line of svp. As shown in Fig. 7, in contrast
to SB11/1 females otherwise normal, svp signals at the
photoreceptor level were often absent from the R4 cell
position in row 9 or more posterior rows (Fig. 7D). Since
round nuclei positive to svp, which were smaller in
radius in more posterior regions, were detected at or near
the basal level (Figs. 7E and 7H), it is suggested that an
appreciable fraction of R4 nuclei began to sink at around
row 9, condensed, and were eventually degenerated (Figs.
7E–7H). In fact, one of the four svp-positive outer photo-
FIG. 3. Direct analysis of sev-BarH1-induced ommatidial defects (A–F) and change in gene expression in prospective cone cells taking on the
X cell fate (G–J). (A–C) Wild-type ommatidia. (D–F) SB58/Y ommatidia. Pupal discs were stained for ELAV (B, E) and DE-cadherin (C, F). A and
D are superimposed pictures (green, DE-cadherin; red, ELAV). In B and E, ELAV signals from basal and apical levels were differentially labeled
with green and red, respectively, so that ELAV-positive nuclei could be visualized by different coloration depending on their position. In wild type
(A–C), 8 photoreceptors (B), 4 cone cells and 2 primary pigment cells (C) can be seen. 1–8, R1–R8. Arrowheads, bristle group cell. In D–F, three
different types of sev-BarH1 ommatidia can be seen. Ommatidium 1 contains 8 photoreceptors normally but lacks one cone cell. We presume
that, in this ommatidium, one of the 4 cone cell precursors has taken the X cell fate (see Fig. 8A). In ommatidia 2 and 3, the number of
photoreceptors increases by 1, but one cone cell is missing. We presume that this change is due to the cone cell/outer photoreceptor
transformation. In ommatidium 4, which normally possesses 8 photoreceptors, one cone cell is missing and another cone cell appears to
transform into a primary pigment cell. In G–J, female ommatidia heterozygous for the SB11 insertion were examined. (G) Cobalt sulfide staining.
Note that one cone cell is absent from a considerable fraction of ommatidia. (H) Cut expression in pupal ommatidia at 26 h APF (25°C). Asterisks
show ommatidia lacking one Cut-positive cone cell. See Fig. 5M for normal expression pattern. Note that cell position changes occur in the
mutant ommatidia possessing only three Cut-positive cells, indicative of cone cell loss. (I and J) Spa expression in wild-type (I) and the mutant
(J) larval ommatidia. Prospective equatorial and polar cone cells occasionally appear to lack Spa expression (see asterisks). Note that, in the third
instar larvae of this mutant, four prospective cone cells are present at normal positions (see Fig. 2F). pp, primary pigment cell. c, cone cell. a, p,
e, and pl, respectively, show anterior, posterior, equatorial, and polar cone cells. Bar in A indicates 10 mm for A–F. Bar in G indicates 10 mm for
G and H and 5 mm for I and J.
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receptors was absent from about 30% pupal ommatidia
(Fig. 7B). Since, in rows 6 –9, sev-BarH1 was expressed
only in R4 cells (see Figs. 2D–2G), these results may
suggest that cells were killed by a concerted action of
ectopic BarH1 and reduced Ras1 activity. Although less
effective than Ras1, one-copy reduction of csw and rl
resulted in degeneration of an outer photoreceptor,
whereas others showed little effect (Table 2), possibly
suggesting that Ras1 signaling pathway responsible for
R4 degeneration differs from the canonical Ras/MAPK
pathway.
DISCUSSION
Cone Cell Precursors May Adopt Four Different
Cell Fates Depending on BarH1 Activity
The present study has shown that cone cell precursors
expressing sev-BarH1 adopt an outer photoreceptor cell
fate, primary pigment cell fate, cone cell fate, or the fate
of disappearance from ommatidia (X cell fate; Fig. 8).
Cone cell precursors appeared not equivalent to each
other but divided into two subgroups, anterior/posterior
and equatorial/polar cone cell precursors with respect to
sensitivity to sev-BarH1 (see Fig. 4M). sev-BarH1 caused
transformation of a fraction of anterior/posterior cone
cells into outer photoreceptors partially expressing R1/
R6-specific genes (see Fig. 4) and transformation of a
fraction of equatorial/polar cone cells into primary pig-
ment cells (see Fig. 5), suggesting that BarH1 serves as a
determinant of R1/R6 or primary pigment cell fates in
normal eye development.
The possibility of cell nonautonomous effects of BarH1
expression in mystery cells, R3/R4, and R7 on the fate of
cone cell precursors cannot be excluded. We, however,
believe it to be less likely, since (1) BarH1 is scarcely
expressed in mystery cells (see Figs. 2C and 2D), (2) weak
BarH1 expression in R3/R4 disappears prior to cone cell
development (see Figs. 2D, 2F, and 2G), and (3) R7
elimination in sev mutants causes no fate change in cone
cells other than equatorial cone cells (Tomlinson and
Ready, 1987b).
Involvement of Ras/MAPK Pathway in Cone Cell
Neuralization
Ras/MAPK signaling activity is required for sev-BarH1-
dependent fate change in cone cell precursors. As shown
in Table 2, extra outer cell formation is suppressed and
enhanced by a single dose reduction in positive and
negative factors, respectively, of Ras/MAPK signaling. In
combination with sev-BarH1, reduction of the activity of
negative factors such as yan caused the conversion of an
appreciable fraction of cone cell precursors to extra
R7-like photoreceptor cells, which are barely detectable
in the wild-type background (see Tables 1 and 2). This
would likely occur through interactions between sev-
BarH1 and Ras/MAPK signaling, since no ommatidial
cell fate change occurs in yan/1 ommatidia that are
otherwise normal (Lai and Rubin, 1992). Activated Ras/
MAPK signaling generally leads to the transformation of
cone cell precursors into R7-like photoreceptor cells
(reviewed in Dickson and Hafen, 1993). sev-BarH1 and
Ras/MAPK signaling may thus function additively or
synergistically as far as cone cell precursor neuralization
is concerned.
That virtually all sev-BarH1/1 ommatidia possess 2– 4
cone cells (see Table 1) may indicate that most cone cell
precursors, in which BarH1 is not expressed normally,
are tolerant of sev-BarH1 misexpression. As schemati-
cally shown in Fig. 8B (see ‘‘1/1’’), two BarH1 concen-
tration (or activity) thresholds, A and B, may thus be
assumed. Threshold A should be higher than threshold B
in the case of ommatidia having normal Ras/MAPK
signaling activity. Cone cell precursors expressing sev-
BarH1 more than threshold A are assumed to adopt outer
photoreceptor cell or primary pigment cell fate, while
those expressing BarH1 less than B may adopt cone cell
fate (see Figs. 8A and 8B).
FIG. 4. Expression of cell-type-specific molecular markers in larval and pupal eyes. (A) Anti-ELAV antibody staining of SB51/1 larval male
ommatidia. (B) A high magnification picture of the boxed region in A. ELAV is expressed ectopically in some prospective anterior (a) and
posterior (p) cone cells. (C) ELAV expression in wild-type larval ommatidia. No ELAV expression occurs in cone cells. (D–I) ro-LacZ
expression in wild-type (D, F, G) and SB58/Y (E, H, I) ommatidia. About 40% of SB58/Y ommatidia possess extra outer cells (see Table 1).
(D, E) Ommatidia near the morphogenetic furrow. Arrow, morphogenetic furrow. (F–I) Posterior ommatidia around row 17. (F, H) and (G,
I), respectively, show R2/R5 and R3/R4 signals at basal and apical planes. R4 signals are very weak in the posterior region. Virtually no LacZ
signals can be detected in ectopic outer cells and R3/R4 cells expressing sev-BarH1 (E, H,I ). (J, K) BarH2 expression in heterozygous (SB51/1
male; J), and hemizygous (SB58/Y male; K) larval ommatidia. Note that BarH2 is expressed ectopically in prospective anterior cone cells
in K, while little ectopic BarH2 expression occurs in J. (L) svp expression in SB51/AE127 pupal male ommatidia. Arrowhead, an additional
svp positive cell. See Fig. 7A for control, in which four outer cells, R1, R3, R4, and R6 are svp-LacZ-positive. (M) An illustration showing
the sev-BarH1-dependent conversion of anterior/posterior (a,p) and equatorial/polar (e,pl) cone cell precursors to outer photoreceptor (OC)
and primary pigment cell (PP) precursors, respectively. (N) A model showing that extra outer photoreceptors (OC/BarH2) expressing BarH2,
a homeobox gene specific to R1/R6, are formed from anterior/posterior cone cell precursors (a/p) via the formation of outer cells (OC). The
BarH1 threshold for BarH2 expression is presumed to be higher than that for the conversion from cone cells to outer cells not expressing
BarH2. a, anterior cone cell. p, posterior cone cell. 1–7, R1–R7. Bar in C indicates 5 mm.
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The appearance of R7-like cells in sev-BarH1/1 om-
matidia heterozygous for yan may be explained most
simply as due to thresholds A and B, respectively, serving
as thresholds for neuralization and outer cell specifica-
tion, the former being much more sensitive to change
in Ras/MAPK signaling activity. Thus, as schematically
shown in Fig. 8B, the activation of Ras/MAPK signaling
must result in the reduction of neuralization threshold
(threshold A) (compare ‘‘1/1’’ and ‘‘yan/1’’). If A be-
comes lower than B with one copy reduction in yan,
cells expressing BarH1 more than B but less than A (X
cells) will disappear and, instead, the fraction of outer
cells will increase and a new class of cells expressing
BarH1 more than A (neuralization threshold) but less
FIG. 5. Effects of sev-BarH1 on primary pigment cell formation. Except for E, pupal ommatidia at 40 h APF at 25°C were examined. (A–C)
Cobalt sulfide staining of wild-type (A), fag/Y (B), and fag/Y; SB54/1 male (C) ommatidia. In wild type, a pair of primary pigment cells
occupy the apical surface of each ommatidium, while, in fag/Y ommatidia, little or no apical surface extension of primary pigment cells can
be detected. In fag/Y;SB54/1 male ommatidia, putative primary pigment cells (see arrowheads) can be detected. Note that all fag/Y
ommatidia and a significant fraction of fag/Y;SB54/1 male ommatidia not possessing putative primary pigment cells possess four cone cells
as with wild-type ommatidia, while 1–2 cone cells are absent from fag/Y;SB54/1 male ommatidia associated with putative primary cells.
(D–G) BarH1 expression in wild-type ommatidia (D), fag/Y ommatidia at 25 h (E) and 40 h (F) APF at 25°C, and fag/Y;SB54/1 male
ommatidia (G). White arrows, strong BarH1 expression in nuclei of primary pigment cells; asterisks, weak residual BarH1 expression in
R1/R6; white arrowheads, ectopic BarH1 expression in putative primary pigment cells. Early BarH1 expression in fag/Y at primary pigment
cell positions appears virtually normal (E), while no strong BarH1 signals can be detected at primary pigment cell positions during midpupal
stages (F). In fag/Y;SB54/1 male ommatidia (G), ectopic BarH1 expression occurs between R1 and R6 nuclei, possibly suggesting that they
correspond to equatorial cone cell nuclei. (H–L) Double staining with anti-DE-cadherin (green) and anti-BarH1 (red) antibodies in wild-type
(H), SB54/1 male (I), SB51/SB51 female (J), fag/Y (K), and fag/Y; SB54/1 (L) ommatidia. BarH1 is expressed in putative primary pigment cells
in I and J. Ectopic primary pigment cells in L also express BarH1 strongly (see white arrowheads). (G–M) Double staining with anti-Cut (red)
and anti-DE-cadherin (green) antibodies of wild-type (M), fag/Y (N), and fag/Y;SB54/1 (O) male flies. Arrows show the absence of Cut in
putative pigment cells generated by sev-BarH1. Bar in A indicates 10 mm for A–G.
FIG. 6. Genetic interactions between sev-BarH1 and Ras/MAPK signaling. (A) SB51/1 male. Some ommatidia contain extra outer
photoreceptors (see arrowheads). (B) SB51/Ras1 male. Arrowheads, ommatidia lacking one of six endogenous outer photoreceptors. (C) drk/1;
SB51/1 male. Virtually all ommatidia are normal in appearance. (D) SosJC2/1;SB51/1 male. Arrowheads, ommatidia containing extra R7 cells.
(E) SB11/1 female. Virtually all ommatidia are normal in appearance. (F) SB11/1;Ras1/1 female. Arrowheads, ommatidia lacking an endogenous
outer photoreceptor. (G), raf/1;SB11/1 female. Most ommatidia are normal in rhabdomere pattern. (H) SB11/yan female. Ommatidia with an
extra outer (arrowheads) or inner (an arrow) photoreceptor are frequently observed. Bar in A indicates 10 mm for A–H.
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than B (outer cell specification threshold) will appear.
Apparently, the latter are precursors of extra R7-like
photoreceptor cells.
Possible Interactions among Transcription Factors
in R1/R6
Several transcription factors have been shown to be
involved in ommatidial cell development (reviewed in
Kumar and Moses, 1997). Our results showed that targeted
expression of BarH1 induces BarH2 and svp expression in a
significant fraction of anterior/posterior cone cell precur-
sors (Figs. 4K and 4L), suggesting that the expression of
BarH2 and svp in R1/R6 precursor cells is under the control
of BarH1. It has already been reported that svp is essential
for BarH1/BarH2 expression in R1/R6 (Hiromi et al., 1993).
Thus, our finding may suggest that svp and Bar are mutu-
ally activated in R1/R6.
Figures 4D–4I showed that the expression of ro, a ho-
meobox gene specific to R2/R5 and R3/R4, is repressed by
BarH1. Thus, BarH1 may play a binary role in R1/R6
development. While the expression of genes required for
R1/R6 development is activated by BarH1, the expression of
genes potentially perturbing R1/R6 development may be
repressed by BarH1.
sev-BarH1-Dependent Fate Changes in Ommatidial
Cells Other Than Cone Cells
Attention in this study has been directed to sev-BarH1-
dependent fate changes of cone cells. But this does not
necessarily mean that sev-BarH1 has no effect on the
TABLE 2
Effects of Dose Reduction of Ras/MAPK Pathway Genes on sev-BarH1 Phenotypes
Genotype
Outer photoreceptors/ommatidium (%) R7s/ommatidium (%)
na8 7 6 5 4 3 2 1 0
SB51/1 male 1/1 3 34 61 2 0 0 1 93 6 866
DER/1 0 8 87 5 0 0 0 92 8 339
sev/Y 0 3 80 16 1 — — — — 431
drk/1 0 10 86 4 0 0 0 96 5 688
Sos/1 0 5 91 3 0 0 0 96 4 619
Ras1/1 0 8 59 32 1 0 0 92 8 1320
rl/1 0 11 81 7 0 0 0 96 3 350
pnt/1 0 17 73 9 1 0 2 95 2 329
SosJC2/1 4 45 46 4 1 13 32 53 2 453
Gap1/1 3 29 64 3 1 2 13 84 2 383
yan/1 4 46 43 6 0 2 21 75 2 229
SB51/1 female 1/1 0 16 83 0 0 0 1 98 1 552
drk/1 0 1 99 0 0 0 0 99 1 602
Ras1/1 0 3 77 19 1 0 0 98 2 561
yan/1 1 49 49 1 0 2 18 80 1 412
SB11/1 male 1/1 0 10 83 7 0 0 0 94 6 545
drk/1 0 4 90 5 0 0 0 94 6 510
Ras1/1 0 2 68 26 4 0 0 90 10 596
yan/1 2 33 63 2 0 0 7 91 2 545
SB11/1 female 1/1 0 2 97 1 0 0 0 99 1 805
DER/1 0 0 96 3 0 0 0 98 2 415
drk/1 0 0 97 3 0 0 0 99 1 429
Sos/1 0 2 94 5 0 0 0 99 1 436
csw/1 0 0 84 15 1 0 0 91 9 558
Ras1/1 0 0 67 32 1 0 0 96 4 616
raf/1 0 0 94 6 0 0 0 97 3 482
rl/1 0 0 85 14 1 0 0 97 3 526
pnt/1 0 1 92 6 1 0 0 99 1 508
SosJC2/1 0 18 80 2 0 0 5 94 0 671
Gap1/1 0 3 94 3 0 0 1 97 1 533
yan/1 0 25 73 1 0 0 4 6 1 326
a Total number of ommatidia examined.
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development of other ommatidial cells. We have shown
that R4 outer cells are sensitive to sev-BarH1 and undergo
degeneration (see Table 2 and Fig. 7). Table 1 shows R7 to be
absent from 1–11% ommatidia heterozygous for sev-BarH1.
In SB15, 51, and 54, nearly all R7-less ommatidia were
noted to be associated with extra outer photoreceptors,
while no extra outer cells could be detected in 67–97% of
ommatidia with R7 (data not shown). Thus, in the R7-less
FIG. 7. svp expression in SB11/1;Ras1/AE127 female ommatidia. 1/AE127 (A) and SB11/1;Ras1/AE127 female (B) pupal ommatidia
stained with anti-LacZ antibody. In contrast to 1/AE127 ommatidia normally having four svp-positive cells, about 30% SB11/1;Ras1/
AE127 female ommatidia contain only three svp-positive cells (arrowheads). (C–H) svp expression in 1/AE127 (C) and SB11/1;Ras1/AE127
female (D–H) larval disks. D and E, respectively, show apical and basal views of an identical region. G and H are partial enlargements of
D and E. Arrowheads in D and G indicate the absence of the svp expression from normal R4 positions. Arrowheads in E and H, dying R4
cells positive to svp. Arrows in E, raising nuclei of R1/R6 precursors. (F) Relationship between the absence of svp expression at R4 cell
positions (open circles) in D and svp-positive sinking nuclei (filled circles) in E is schematically shown. Bar in A indicates 10 mm for A and
B, 7 mm for C–F, and 3 mm for G and I.
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ommatidia of these lines, R7 precursors may assume the
same fate as that of outer photoreceptors. In contrast, in
SB11 and SB58, significant fractions of R7-less ommatidia
contained no extra outer photoreceptors (data not shown),
and thus a fraction of R7 would appear to be degenerated by
ectopic BarH1 expression.
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